Introduction {#Sec1}
============

Reliable estimates of population sizes of target species are of central importance to many conservation programs. Density estimates provide baseline data on species abundance and allow the monitoring of population sizes, which is important in assessing the suitability of conservation strategies. However, few studies compare different survey methods and designs for large mammals under the same conditions, for instance, the same time of year and same location (Nijman and Menken [@CR13]; Nomani *et al*. [@CR14]; Viquerat *et al*. [@CR21]). Such a comparison, however, can highlight strengths and weaknesses of the specific methods and thus provide useful information for conservation practitioners when deciding on the most suitable methods to deliver their conservation objectives.

One of the most common population assessment methods for diurnal primates is line transect sampling (Buckland *et al*. [@CR5]). This method is known to be accurate if a small number of key assumptions are met. Best practice guidelines regarding survey design, field protocol, and analysis are available (Buckland *et al*. [@CR5]) but several primatologists have discussed the possibility that this method is less efficient for some species, among them the members of the gibbon family Hylobatidae (Nijman and Menken [@CR13]; Whittaker [@CR23]; and see discussion in Waltert *et al*. [@CR22]). Gibbons are small bodied arboreal apes found across eastern and southeastern Asia, Northwest India, and Bangladesh. In comparison to other primates, gibbons have distinctive behavioural characteristics, including regular vocal displays (Bartlett [@CR1]). Morning calls are thought to function as territory defense as well as to strengthen the pair bond (Cheyne *et al*. [@CR7]; Geissmann [@CR8]). Owing to their otherwise inconspicuous behavior and their tendency to use the upper canopy (Nijman [@CR12]), line transect surveys might fail to record 100 % of individuals near the transect line, resulting in underestimation of population densities if no action is taken to accommodate the violation of this key assumption (Buckland *et al*. [@CR4], [@CR5]).

Triangulation (also known as auditory sampling or fixed point counting) has recently become a commonly applied method to estimate gibbon densities and has proved to be both successful and time efficient (Brockelman and Ali [@CR2]; Brockelman and Srikosamatara [@CR3]; Buckley *et al*. [@CR6]; Cheyne *et al*. [@CR7]; Hamard *et al*. [@CR10]; Nijman [@CR12]; O'Brien *et al*. [@CR15]). Further, triangulation is seen as the most applicable method in hilly terrain (Nijman and Menken [@CR13]). Besides the obvious advantages, such as the fact that sampling does not affect gibbon behaviour toward the observer, triangulation can be performed within a relatively short time period and it is less destructive, as no transects need to be cut. It may, nevertheless, also introduce some sources of bias, e.g., through the influence of weather conditions on singing behavior or by underestimation of distances to calling groups, the latter of which may result in overestimation of densities (Cheyne *et al*. [@CR7]; Nijman [@CR12]). In addition, calling rates and data on cluster (groups or subgroups of primate social units) size are needed, requiring long-term data or extra survey effort. Triangulation alone does not ensure a sufficient number of sightings to estimate cluster size (Cheyne *et al*. [@CR7]).

Here we compare line transect sampling with triangulation in estimating densities of *Hylobates klossii* in the Peleonan Forest, a mixed evergreen rainforest with hilly terrain in the north of Siberut island (Hadi *et al*. [@CR9]), Indonesia. *Hylobates klossii* is endemic to the Mentawai Archipelago and is listed as endangered by IUCN (Whittaker and Geissmann [@CR25]). If the two methods have comparable accuracy then the results for density estimates should not differ significantly.

Methods {#Sec2}
=======

Study Site {#Sec3}
----------

The Mentawai Archipelago is located 85--135 km west of the island of Sumatra, Indonesia. Siberut is the most northerly and largest island with an area of 4030 km^2^ (Whittaker [@CR24]; Whitten [@CR26]). Close to the northern coast of Siberut lies the Peleonan Forest, which consists of a 45 km^2^ section of primary lowland and swamp forest (Quinten *et al*. [@CR18]). The maximum elevation is 190 m above sea level and the area is characterized by hills and ridges that are covered by primary mixed evergreen rain forest (Hadi *et al*. [@CR9]).

Pungut field station of the Siberut Conservation Programme (SCP) is located (1°01″S and 98°50″E) in the south of the Peleonan Forest. We conducted this study in a circular area of 10.7 km^2^ around the field station. The transect system around the station consists of 13 systematically placed transects each 1--3 km in length (Waltert *et al*. [@CR22]).

Data Collection {#Sec4}
---------------

We conducted line transect sampling and triangulation of gibbons following Waltert *et al*. ([@CR22]) and Cheyne *et al*. ([@CR7]), respectively. We conducted triangulation at four different survey sites covering the study area of the SCP during 4 wk from September 8 until October 3, 2010. At each sample site we recorded compass bearings and estimated distance to gibbon calls. Although distance is not required for triangulation, we used the distance estimates to check that the same cluster was heard by two different listening posts. We checked distance estimates up to 900 m by moving from the listening post to the calling cluster using a Global Positioning System (Garmin GPSMap 60CSx).

We collected data from three listening posts situated in a triangle formation on elevated terrain. The distances between listening posts were 300--500 m. We collected data on four consecutive days at each site at 04:30--10:00 h. Observers stayed at the listening posts until the gibbons had stopped singing for ≥30 min.

We conducted line transect surveys between 06:30--11:30 h and 15:30--18:00 h from September 14 and November 26, 2010. Protocols, season, survey times, surveyed transects, and data analysis followed those of the last survey in the study area in 2005 (Waltert *et al*. [@CR22]). We surveyed each of the 13 transects around the field station between six and eight times (mean 7.23, SD = 0.6), resulting in a total survey effort of 155.5 km.

Two teams, each consisting of two people, carried out line transect surveys. We documented all detections of primates, recording species, cluster size, and the perpendicular distance from the transect line to the estimated center of the cluster using a laser range finder (Nikon 550) for distances \>10 m and a tape measure for distances \<10 m.

Data Analysis {#Sec5}
-------------

We analyzed triangulation data following a triangulation protocol (Cheyne *et al*. [@CR7]; Hamard *et al*. [@CR10]). The triangulation method usually uses only duet counts for gibbons to ensure that a reproductive gibbon cluster is recorded (Brockelman and Srikosamatara [@CR3]). However, unlike most gibbon species, male and female *Hylobates klossii* do not duet. Instead males can be heard to sing between 01:00 and 13:00 h, but concentrate mainly on the hours before dawn, whereas females sing after dawn (Whitten [@CR27]). We used only clusters that were recorded after dawn, i.e., those likely to be females, for analysis. We determined cluster size by mapping all sightings of gibbon clusters encountered during the entire study period. We then calculated the mean of the cluster sizes recorded for the mapped clusters. We assumed that individuals sighted \>300 m apart belonged to different gibbon clusters. For clusters encountered several times at the same location, we used the maximum number of individuals recorded as the size for that cluster. Owing to time constraints, we could not assess calling rates, so we assumed that females call every 3--4 d (Whitten [@CR27]). We aimed for ≥3 d survey at each site, but unfortunately this turned out not to be possible, owing to time constraints and weather conditions in one site where we obtained only 2 survey days.

We converted distance and compass bearing to *x, y* coordinates and plotted them. Distance to the cluster is noted to aid data analysis if there are two clusters singing on the same compass bearing. This is a standard procedure (Cheyne *et al*. [@CR7]; Hamard *et al*. [@CR10]). Where there is no conflict in number of clusters on any given compass bearing, the compass directions only are plotted and intersections used to indicate clusters.

Previous research on *Hylobates klossii* estimated their home range to be 20--35 ha (Whitten [@CR26]), giving a circle of diameter 250--333 m. We, therefore, defined clusters \>300 m apart as different clusters. Those closer than 300 m are likely to represent double counting where gibbons moved between calling bouts. We took the number of clusters heard per day and the total number of clusters heard from each listening post from the maps.

We determined effective listening areas ---the areas where a minimum of two listening posts could have heard gibbon calls, within a radius of 1000 m around each post--- using ArcGIS 9.2. We calculated density estimates using the following formula and correction factors, assuming that singing on successive days is independent (Brockelman and Ali [@CR2]; Cheyne *et al*. [@CR7]).
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where *n* refers to the cumulative total number of clusters heard in the effective listening area *E* at each site, *p*(*m*) denotes the cumulative number of clusters singing in *m* days, *p*(1) refers to the mean of the proportion of clusters heard calling at each site (once the data from all study days were combined). We used SPSS 17.0 to calculate 95 % confidence intervals (CI). We calculated coefficients of variation (CV) using the formula CV = σ/μ, where σ denotes standard deviation and μ denotes mean.

We analyzed line transect data using Distance v. 6.0. (Thomas *et al*. [@CR20]). We modelled detection functions using half-normal key functions with Hermite polynomial adjustment. We calculated expected cluster size from a size-biased regression of ln\[cluster size\] against estimated detection probability *g*(*x*). Ideally surveys should be conducted using a systematic random design or a set of equally spaced transects randomly located in the survey region (Buckland *et al*. [@CR5]). At Pungut, however, the trail system is oriented in a radial manner around the field station. To account for potential bias arising from over-coverage of the area directly surrounding the station, we stratified data in an inner circle with an area of 1.13 km^2^ (radius = 0.6 km) and an outer belt of 9.55 km^2^. Because cluster density estimates did not differ significantly between stratified data and nonstratified data (*Z* = --0.47, *P* = 0.64) we present estimates from non-stratified data.

We compared cluster and individual density estimates between the two survey methods using a two-tailed *Z*-test. Further, we compared cluster sizes including lone males with those excluding lone males, using a two-tailed *Z*-test.

Further, we calculated resolution *R* (minimum detectable change in population density) from both methods by using the formula *R* = 2.77 \* (CV/100) for a significance level of 5 % and a statistical power of 50 % (Plumptre [@CR16]).

Results {#Sec6}
=======

Triangulation resulted in a mean density estimate of 5.01 clusters/km^2^ (95 % CI: 3.1--6.9; Table [I](#Tab1){ref-type="table"}). Mean cluster size was estimated at 3.5 individuals/cluster excluding lone gibbons (*N* = 27, 95 % CI: 2.8--4.3) and 3.0 individuals/cluster (*N* = 34, 95 % CI: 2.3--3.7) including lone gibbons. Those cluster sizes did not differ significantly from each other (*Z* = 0.19, *P* = 0.85). Maximum recorded cluster size was eight, which we observed on three different occasions. The individual density estimate was 17.5 individuals/km^2^ (95 % CI: 10.9--24.2) excluding lone males.Table IParameters used to determine gibbon cluster densities at different sampling sites in the Peleonan forest, Siberut, IndonesiaSite numberClusters heard*p*(1) (95 % CI, CV)*p*(*m*)*m* (days)*E* (km^2^)Density (clusters/km^2^)1110.5 (−0.14--1.14, 0.14)0.7523.194.62170.34 (0.18--0.5, 0.29)0.8143.236.53150.51 (0.17--0.86, 0.27)0.8833.225.274100.47 (0.09--0.85, 0.33)0.8533.213.67Mean (95 % CI, CV)13.25 (7.99--18.51, 0.25)0.46 (0.33--0.58, 0.17)0.82 (0.73--0.91, 0.07)3 (1.70--4.30, 0.27)3.21 (3.19--3.24, 0.005)5.01. (3.12--6.90, 0.24)*p*(1) mean of proportion of clusters calling vs. the total number of clusters identified over *m* days with 95 % CI and CV; *p*(*m*) the cumulative number of cluster singing in *m* days; *E* effective listening area at each site. Mean values for all variables are given with 95 % CI and CV

We recorded 101 observations of *Hylobates klossii* during line transect sampling, including auditory and visual records. A subset of 62 observations from truncation distance data at 92 m provided a good model fit, as did truncation to 42 m (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Detection probability plot from line transect data (histograms) conducted for *Hylobates klossii* between September 14 and November 26, 2010 in the Peleonan forest, Siberut, Indonesia, and fitted detection function for truncation widths *w* = 92 m (**a**) and *w* = 42 m (**b**).

We estimated cluster size from observed clusters as 2.7 individuals/cluster (95 % CI: 2.3--3.2 individuals/cluster), cluster density as 5.5 clusters/km^2^ (95 % CI: 3.9--7.7/km^2^) and individual density as 14.89/km^2^ (95 % CI: 10.2--21.7/km^2^; Table [II](#Tab2){ref-type="table"}).Table IIEstimates, after data truncation, of encounter rate, cluster density, and expected cluster size, as well as detection probability (probability of observing a cluster within *w* \[m\] from the transect line) with 95 % CI for *Hylobates klossii* from line transect sampling in the Peleonan forest, Siberut, IndonesiaMean encounter rate of clusters/ km (95 % CI, CV)0.40 (0.30--0.54, 0.15)Expected cluster size (95 % CI, CV)2.7 (2.3--3.2, 0.09)Mean cluster density/km^2^ (95 % CI, CV)5.5 (3.9--7.7, 0.17)Detection probability (95 % CI, CV)0.39 (0.33--0.46, 0.08)Truncation distance *w* \[m\]92Number of observations *N*62Mean density, individuals/km^2^ (95 % CI, CV)14.9 (10.2--21.7, 0.19)All estimates for truncation distance (*w*) from number of observations of clusters (*N*). Mean individual density estimates with 95 % CI and coefficient of variation CV

There were no significant differences in cluster (*Z* = --0.32, *P* = 0.75) nor in individual density estimates (*Z* = 0.53, *P* = 0.6) between triangulation and line transect methods.

The CV for cluster densities was 0.24 for triangulation and 0.17 for line transects. Thus, changes in cluster densities of *R* \< 66 % at a significance level of 5 % with a statistical power of 50 % are unlikely to be detected using the triangulation method. For line transect surveys, changes in cluster densities are unlikely to be detected if *R* \< 47 % at a significance level of 5 % with a statistical power of 50 %.

Discussion {#Sec7}
==========

We found no difference in our estimations of cluster or individual densities using triangulation and line transect sampling and therefore may assume similar accuracy from both methods. The true number of gibbons present in the area, however, is unknown, as is also the proportion of lone gibbons in the area, so we cannot correct individual density estimates gained by triangulation for this potential bias (Cheyne *et al*. [@CR7]). Both methods used may underestimate individual density slightly. We also do not know the levels of under-recording of lone gibbons and those close to observers. Nevertheless, the detection probability plot showed a prominent shoulder when truncating to 42 m, suggesting no under-recording near the transect line (Fig. [1b](#Fig1){ref-type="fig"}).

Gibbon densities assessed by triangulation in our study area in 2003 resulted in density estimates of \>25 individuals/km^2^ (Whittaker [@CR23]), 50 % higher than estimates obtained from line transect surveys in 2005 (Waltert *et al*. [@CR22]). However, this difference is due mainly to an exceptionally high estimate of mean cluster size in the triangulation study (mean cluster size 10 from *N* = 8 observations; Whittaker [@CR23]). Our mean cluster size for all gibbon cluster sightings used for triangulation (3.5 individuals) was similar to the mean cluster sizes in previous studies (3.4 individuals: Tenaza [@CR19]; 3.7 individuals: Whitten [@CR26]). This suggests that more than eight sightings are needed to estimate cluster size (perhaps *N* \>20). If cluster size cannot be estimated accurately, we suggest using cluster density estimates instead of individual density estimates to compare results from different studies or from different survey methods.

Although the two methods gave similar estimates of gibbon densities, line transect sampling resulted in more precise cluster density estimates, allowing better detection of changes over time. Even if search effort is optimal, the line transect method is unlikely to detect changes of \<25--30 % (Plumptre and Cox [@CR17]) whereas indirect methods, such as nest, dung, or cue surveys, are suggested to be unlikely to detect changes of \<30--50 % (Buckland *et al*. [@CR4]; Plumptre [@CR16]). We conducted surveys over a relatively long time period (triangulation 4 wk; line transect surveys 10.5 wk); nevertheless we found that only much larger changes in densities than the ones suggested for optimal searching effort could be detected using either method. As time and funding are often limiting factors in small conservation projects, it is important that neither method may detect small changes (\<45 %) in population densities even if search effort is relatively high.

The recommended number of observations to detect population changes over time is 100 (Plumptre [@CR16]), which confirms that our line transect sampling effort is not optimal to observe changes. Our sampling effort may also have been too low for the triangulation. The likelihood of calling over all survey days should be at least 1 to detect all clusters present in the study area during triangulation. For example, a minimum of 5 consecutive days of sampling at each site are suggested for *Hylobates agilis* (O'Brien *et al*. [@CR15]) and *Hylobates albibarbis* (Cheyne *et al*. [@CR7]). Female *Hylobates klossi* sing every 3--4 d (Whitten [@CR27]), or even less frequently (Keith *et al*. [@CR11]). Thus, the 2--4 d we spent at each site might have led to an underestimation of cluster densities.

Overall, we conclude that triangulation can yield density estimates that are not significantly different from those given by line transect sampling in primary lowland rain forests. The method of choice will depend on the objectives of the study and should take into account the terrain. Lowland forests with low elevation changes are probably best surveyed using triangulation. Triangulation was effective in monitoring changes in population densities over time in *Hylobates albibarbis* across Kalimantan (S. M. Cheyne *pers*. *comm*.). However, we suggest that line transect sampling is preferable for studies that focus on monitoring relatively small changes in population densities over time, because of its more precise estimates. Line transect sampling should also be chosen if a survey targets more than one species. If the objective of the study is to conduct rapid density estimates within a limited amount of time, in an area that is difficult to access, and/or if resources (human, funding) are limited, then triangulation might be more appropriate.
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